Abstract: Growth and survival of 33 populations from a species complex involving interior lodgepole pine (Pinus contorta Dougl. ex Loud. var. latifolia Engelm.) and jack pine (Pinus banksiana Lamb.) and their natural hybrids in Alberta were evaluated at ages 5, 10, and 15 years in eight test sites across Alberta. We determined population differentiations by estimating Mahalanobis distances between populations from the canonical discriminant analysis of the total variability and by calculating dissimilarity indexes between populations from the quadratic regression of overall growth and survival on the overall climate. The grouping of the populations based on the Mahalanobis distances showed that most jack pine populations could be separated from lodgepole and hybrid populations, but no further subdivision was possible to distinguish lodgepole from hybrid populations. This clustering pattern was remarkably similar to the grouping based on molecular markers as shown in our earlier study. This pattern of grouping is best explained by a clear elevational demarcation between jack pine at low elevations and lodgepole pine and hybrids at midrange and high elevations. The grouping of the populations based on the dissimilarity indexes revealed a somewhat contrasting pattern; most lodgepole pine populations were in one group, whereas jack pine and hybrid populations were mixed up in the other group. The two contrasting patterns of grouping suggest that nonclimatic factors such as edaphic preference and habitat disturbances are also important in determining population distributions and niche spaces in the lodgepole -jack pine complex.
Introduction
A characteristic of temperate and boreal conifer species with broad ecological amplitude and continuous distribution ranges is that individual species are composed of numerous populations, each of which is adapted to only a portion of the environmental conditions across the species' entire range (Rehfeldt et al.1999; Rehfeldt 2004) . Indirect evidence for such continuous variation among populations is the occurrence of small changes in allele frequencies across the environmental gradients, as often shown in isozyme and molecular surveys of different conifers (see Ledig 1998 for review) . Climate is one of the important environmental factors controlling the distribution and growth of plant species (Woodward 1987) . Because plant species consist of populations genetically attuned to different climates, the movement of a population from its climate of origin to a different climate will have both short-and long-term impacts on growth and survival (Rehfeldt et al.1999; Rehfeldt 2004 ). In the short term, direct impacts on the current generation are controlled by physiological plasticity, the ability of a genotype to adjust physiologically to environmental change. In the long term, optimal response of forest trees to climate is achieved by modifying its gene pool through evolutionary processes, including selection, migration, and random drift. In addition, natural hybridization between the species with different adaptive norms would extend a species' gene pool and its ecological range through introgression and would release novel gene recombinants sifted by natural selection (Arnold 1997) , thereby broadening a species' responses and adaptation to climate and other environmental conditions.
Pinus contorta Dougl. ex. Loud. and jack pine (Pinus banksiana Lamb.) are the most northern pines in the boreal forest of North America (Critchfield 1985) . The natural range of P. contorta is centered in the Pacific coast, the Cascade Range, and Rocky Mountains areas and extends further south to Baja California, north to the Yukon Territory, and east to the southern and central part of western Alberta (Lotan and Critchfield 1990) . Ecological amplitude across this immense distribution is perhaps responsible for the existence of four varieties (var. bolanderi, var. contorta, var. latifolia, and var. murrayana) , each of which inhabits a different portion of the species' range (Wheeler and Critchfield 1985) . Jack pine, too, has a wide natural range, extending from the Great Lakes states and northeastern USA, throughout the Canadian boreal forest to northeastern British Columbia and central Alberta, but it lacks distinct biologically recognized subgroups (Rudolph and Laidly 1990) . The ranges of jack pine and interior lodgepole pine (var. latifolia) overlap in west-central Alberta and the southwest corner of the Northwest Territories, where these species are known to hybridize (Moss 1949; Critchfield 1985) . Natural stands in this overlap region and their neighboring areas are henceforth referred to as the Pinus contorta -Pinus banksiana complex (PCBC).
Despite numerous morphological, biochemical, and molecular studies conducted over decades (e.g., Moss 1949; Mirov 1956; Zavarin et al. 1969; Pollack and Dancik 1985; Wheeler and Guries 1987; Yang et al. 1999; Ye et al. 2002) , the identification and classification of the hybrids from the PCBC region remains difficult for two main reasons. First, a lack of unique molecular markers for parental genotypes and the close genetic affinity among PCBC populations have not substantially improved the capability of morphological characters to separate hybrids from the parental species, even though the markers have the obvious advantages of being under simple genetic control, having minimal levels of nonheritable variation, and being selectively neutral. In fact, a set of seed and cone traits (Wheeler and Guries 1987) are still viewed as the most diagnostic for a practical identification of PCBC populations. Second, while the large amount of among-population variability observed for many morphological traits is conducive for hybrid identification and classification, it is not always easy to distinguish whether the observed ecological differentiation is due to genetic causes or to phenotypic plasticity (commonly known as genotype-environment interaction) without a common garden experiment (Rehfeldt et al. 1999; Campbell and Waser 2001; Thorpe et al. 2005) .
In this study, we investigate the patterns and extent of population differentiation based on multivariate analysis of growth and survival and their responses to climate in a common garden experiment with 33 populations sampled from the PCBC in Alberta. The multivariate analysis is often shown to be effective for detecting morphological differences in forest trees (e.g., Yang et al. 1997; Hamann et al. 1998; Beaulieu et al. 2004 ). We will use the terms population and provenance synonymously, even though a population refers to a collection of individuals at a geographic location formally known as a provenance (Rehfeldt et al. 1999) . In previous studies, we examined the same materials and some additional populations from northeastern British Columbia for response to disease infection (Yang et al. 1999 ) and for molecular diversity using random amplified polymorphic DNA (RAPD) markers (Ye et al. 2002) . The 33 PCBC populations for this study include 18 lodgepole pine, 9 jack pine and 6 putative hybrid populations. A population was assigned to a parental species or hybrid at the time of collection based on overall tree, cone, and stand appearance. The common garden experiment encompassed a series of provenance trials established at eight test locations across Alberta. The primary objective of this study was to determine if performance and climatic response of individual populations are related to their taxonomic status. The secondary objective was to determine if the pattern of population differentiation for growth and survival (adaptive traits) is similar to that of neutral molecular markers, as shown in our earlier study (Ye et al. 2002) .
Materials and methods

Study populations
During the period between 1976 and 1984, the Alberta Tree Improvement and Seed Centre (ATISC, Smoky Lake, Alberta) made collections of bulk seedlots from natural stands representing a total of 36 PCBC populations in westcentral Alberta. Three populations with ID numbers 1, 15, and 16 were dropped from the analysis because they were evaluated only at three or five sites. The origins of the remaining 33 populations are given in Table 1 . Each bulk seedlot consisted of 10 or more cones per tree from at least 15 trees per stand. Of the 18 lodgepole pine populations used in Table 1 . Geographic and climatic (1961-1990) this study, populations 17-20 are known as lodgepole pine outliers in Alberta (Moss 1949; Wheeler and Guries 1987) ; populations 2-14 and a population not included in our earlier studies (designated as population xx) are from the main natural range of the species. Seeds of all cones from each population were extracted, bulked, and stored by population at -4 8C with the moisture content being kept between 5% and 10%. Seed germination rate at the time of seed collection averaged 89.7% across populations.
Provenance trials and assessments
Between 1985 and 1990, these seedlots were used to establish eight provenance trials known as the G134 series; individual trials were given a letter designation (i.e., G134A, B, D, E, G, H, I, or J; Table 1 ).
The seedling rearing regime was the same for all trials. Seeds were cold-stratified for 4 weeks and then sown into 170 mL (G134A, B, and D trials) or 350 mL (G134E, G, H, I, and J trials) Spencer-Lemaire Rootrainers TM containers; then seedlings were raised in the greenhouse at ATISC for one growth period and were moved outside to acclimatize for about 4 weeks prior to outplanting. The trials were established in July of the same year. The sites selected for field trials were either forest stands or recently harvested sites and were all considered suitable for forest field experimentation. Prior to planting, slash on each site was piled and burned and the site was disced. The field layout was a randomized complete block design with four replications; five-tree row plots were used for sites D, E, and J, and eight-tree row plots were used for the other five sites. Tree spacing was 2.5 m Â 2.5 m at all sites except J where trees were planted 3 m apart to facilitate mechanical weeding. For all other trials, trees were maintained free-to-grow by hand weeding and brushing at 1-to 4-year intervals.
Measurements for total tree height and scores for survival were conducted at 5, 10, and 15 years from germination. We also measured diameter at breast height (DBH) at age 15 years, but this trait was not included in the subsequent analysis because of its high correlations with heights. For convenience, the acronyms S and H are used for survival and total tree height, respectively, and assessment age is indicated by appending either 5, 10, or15.
Climatic data
The Alberta Climate Model (ACM) was recently developed to allow the estimation of climatic variables for any location in Alberta from its geographic coordinates (Alberta Environment 2005). ACM development was based on raw monthly data acquired from Environment Canada and normalized to the 1961-1990 base period following standard normalization procedures. The 1961-1990 period was chosen for ACM development because of its broad recognition as a baseline period and its suitability for constructing climate change scenarios for Alberta (Barrow and Yu 2005) following procedures recommended by the Intergovernmental Panel on Climate Change (IPCC 2001) . The choice to normalize raw monthly climatic data rather than to use published Environment Canada normals for the same period was made to increase sampling intensity for remote forested locations, which are poorly represented in Environment Canada data because long-term weather stations are generally MAT, mean annual temperature; MTCM, mean temperature for coldest month; MMIN, mean minimum daily temperature of the coldest month; NDD, degree-days < 0 8C;
MTWM, mean temperature for warmest month; MMAX, mean maximum daily temperature of the warmest month; GDD, degree-days > 5 8C;
CI, degree of continentality (MTWM -MTCM); MAP, mean annual precipitation;
MSP, mean summer precipitation.
established for agronomic purposes. In this study, we used the ACM to obtain estimates of climatic variables for provenance origins and test sites because it is broadly accepted as a baseline data set and because it can be used to provide reliable climatic estimates for remote locations not well represented by climatic stations. Two groups of climatic variables were estimated and calculated. The first group included a total of 48 primary variables (monthly mean daily temperature, monthly mean daily maximum temperature, monthly mean daily minimum temperature, and monthly mean precipitation for each of the 12 months). The second group consisted of 13 variables derived from the primary variables: mean annual temperature (MAT); mean temperature of the warmest month (MTWM); mean temperature of the coldest month (MTCM); degreedays above 5 8C (GDD); degree-days less than 0 8C (NDD); mean Julian day on which the degree-day sum reaches 100 ; mean maximum daily temperature of the warmest month (MMAX); mean minimum daily temperature of the coldest month (MMIN); degree of continentality (CI; i.e., the difference between MTWM and MTCM); mean summer precipitation (MSP; i.e., precipitation over the potential growing season from April to September); mean annual precipitation (MAP); annual moisture index (i.e., GDD/MAP); and summer moisture index (i.e., GDD/MSP). After screening the variables for their association with biological responses to climate, we chose the following 10 variables for building climatic response functions for individual PCBC populations: MAT, MTCM, MMIN, NDD, MTWM, MMAX, GDD, CI, MAP, and MSP.
Analysis of population differentiation without climatic response
Analyses of variance (ANOVA) for height were conducted on individual trees, while ANOVA for survivals were performed on plot means, all using the SAS MIXED procedure (SAS Institute Inc. 2004) . The ANOVA of individual provenance trials estimated the variability among populations, whereas the combined ANOVA across all provenance trials evaluated the population-site interactions. The use of the CONTRAST statement enabled us to construct four comparisons: lodgepole pine and jack pine, lodgepole pine and putative hybrids, jack pine and putative hybrids, and putative hybrids with midparent performance.
Canonical discriminant analysis as implemented in the SAS CANDISC procedure (SAS Institute Inc. 2004) was carried out to summarize the among-population variability when six growth and survival traits (H5, H10, H15, S5, S10, and S15) were jointly considered. The multivariate generalized distances (Mahalanobis distances) were computed to estimate differences between pairs of populations. Thus, the Mahalanobis distance between population i and i', based on the growth and survival traits (j = 1-6), was defined as
where E jj0 is the jjth element of the inverse of the pooled error covariance matrix, and " Y ij is the mean value for the jth variable and the ith population.
The Mahalanobis distances were used to cluster populations into groups with similar performance in terms of growth and survival traits. We employed the usual agglomerative hierarchical clustering procedure based on an average linkage method as implemented in the SPSS CLUSTER procedure with the METHOD subcommand being equal to WAVERAGE (SPSS Inc. 2002) . The procedure worked as follows: each population began in a cluster by itself; the two closest clusters were merged to form a new cluster that replaces the two old clusters; merging of the two closest clusters was repeated until only one cluster was left. The resultant distances between pairs of clusters or populations at all levels of the hierarchy were used to generate dendrograms by invoking SAS PROC TREE (SAS Institute Inc. 2004) .
Analysis of population differentiation with climatic response
Following Matyas and Yeatman (1992) , Rehfeldt et al. (1999) , and Rweyongeza et al. (2007) , we carried out a preliminary analysis in two steps. First, response of populations to climate was initially assessed using a quadratic regression of an individual growth or survival trait on the transfer distance of a single climatic variable (i.e., test site climate minus provenance climate). Second, the stepwise regression was subsequently used to find the best-fitting combinations of predictors, including linear and quadratic terms of individual climatic variables, for describing population variability in response to climatic transfer. However, given high correlations observed among growth and survival traits and equally high correlations among climate variables and a limited number of test sites, it was not always easy to determine which independent and dependent variables should be included without some arbitrary choices. In this study, therefore, we focused on an alternative approach of obtaining a new latent variable, a linear combination of original variables, through the principal component analysis. We determined the response of population to climate from the quadratic regression of the first principal component (PC) for growth and survival traits (PC1Y) on the first PC for climatic variables (PC1X). Both PC1X and PC1Y extracted over 70% of the total variability in the original variables. Thus, PC1X and PC1Y may be considered good indicators of overall climate and overall growth and survival, respectively. For population i, the quadratic regression model was
2 i þ " i with b 0 , b 1 and b 2 being regression coefficients, and " i being the residual left unexplained by the quadratic function.
We modified the procedure of Lin and Butler (1990) and Yang et al. (2006) to calculate dissimilarity indexes between pairs of populations based on the two-way population-site classification data consisting of p ( = 33) populations and s ( = 8) sites. The dissimilarity index between populations i and i' (d ii' ) was the difference between residual sums of squares after fitting the quadratic regression (eq. 1) on the overall climate using the data from both populations (SSD ii' ) and after fitting two separate regressions, one for each population (SSD i and SSD i' ):
which is essentially the mean squares among the two populations (Lin and Butler 1990) . Let MSE be the mean square errors left unaccounted for after fitting regressions for all individual sites. If the two sites were significantly dissimilar, then the observed F ratio, F = d jj' /MSE, would exceed the critical F value with the respective degrees of freedom being 2 and (p -1)(s -3) = (32)(5) = 160. Likewise, the dissimilarity index between any two clusters, each involving one or more populations, would also be the numerator of the F test for similarity of the two clusters given that the populations were clustered according to Sokal and Michener's (1958) unweighted pair-group method. According to this clustering algorithm, the required dissimilarity index between a pair of clusters K and L (d KL ) was calculated as the average of dissimilarity indexes between all pairs of sites within and between the two clusters (Lin and Butler 1990) : (2006), we took into account both the size of a cluster and the magnitude of dissimilarity to determine individually if each pair of joining clusters were significantly dissimilar. All between-cluster dissimilarity indexes were calculated by invoking the SPSS CLUSTER procedure with the METHOD subcommand being equal to WAVERAGE (SPSS Inc. 2002) . The resultant dissimilarity indexes between pairs of clusters or populations at all levels of the hierarchy were used to generate dendrograms by invoking SAS PROC TREE (SAS Institute Inc. 2004).
Results
Population growth and survival
Tree survival at each of the three measurement ages (5, 10, and 15) was similar across all populations regardless of their taxonomic status (Table 2 ). There was a clear trend of increase in mortality with increased ages across the three taxa. The mean annual mortality rate over all populations was 0.99% per year for the period of age 5 to 10 years (period 1) and 0.59% for the period of age 10 to 15 years (period 2). Breaking mortality down by the taxa, the respective mean annual mortality rates for periods 1 and 2 were 1.02% and 0.73% for lodgepole pine, 0.99% and 0.44% for jack pine, and 0.90% and 0.41% for hybrids. The mortality increase for period 1 ranged from 0.27% to 1.48% per year; the increase for period 2 ranged from 0.13% to 1.63% per year. Thus, on average the mortality was generally heavier for period 1 than for period 2, though such a temporal trend was not necessarily true for every population.
Height growth varied considerably among populations at all three ages, but it is quite obvious that jack pine populations grew faster than lodgepole pine populations, with hybrid populations being in between ( Table 2 ). The annual height growth rate for period 1 was 41 cm/year for jack pine, 39 cm/year for hybrids, and 37 cm/year for lodgepole pine. However, all three taxa had an equal height growth rate at 41 cm/year for period 2. Obviously, jack pine populations had faster juvenile growth, but growth rates were similar across the taxa when the trees got older.
Population differentiation without climatic response
Mahalanobis distances estimated for the 528 pairs of the 33 populations ranged from 0.04751 between populations 24 and 34 to 26.46 between populations xx and 35 (the full set of (33 Â 32)/2 distance estimates not presented). On average, population 25 had the shortest distance (1.83), and population xx had the longest distance (9.37) from other populations. When the estimated distances were averaged across populations within the three taxa, these averages were 1.80 for lodgepole pine, 3.20 for hybrids, and 1.89 for jack pine (Table 3 ), suggesting that populations within a pure species would be less variable than hybrid populations. Looking at the averages of the between-group distances, the difference between two parental species (5.27) was greater than that between a parental species and hybrids (3.39 for lodgepole pine and hybrids or 3.13 for jack pine and hybrids).
The dendrogram constructed using the Mahalanobis distances between pairs of populations revealed that the 33 populations would be divided into two groups (Fig. 1) . The first group included seven jack pine populations (30, 32, 33, 34, 35, 37, and 38) and two putative hybrid populations (24 and 28). The second group consisted of all remaining 24 populations. Interestingly, populations 31 and 36 were assigned as jack pines at the time of cone collection, but they were grouped with lodgepole pine and hybrid populations based on height growth and survival assessments. Indeed, these two populations were the shortest among jack pine populations particularly in the juvenile stages (H5 = 1 m and H10 = 3 m for population 31; H5 = 0.95 m and H10 = 2.87 m for population 36), as shown in Table 2 . These heights are more similar to the average height of hybrids (H5 = 0.99 m and H10 = 2.95 m).
Population differentiation with climatic response
A total of 1980 (6 growth and survival traits Â 33 populations Â 10 climatic variables) quadratic regression equations were obtained to adequately describe the responses of individual populations to the transfer distances between inhabited climates and original climates (r 2 values ranged from 0.35 to 0.97). This reflects the well-documented pattern of response to a climate; growth and survival are maximized at the optimal climatic condition but level off in a parabolic manner with increasing distance from the optimal condition. Given similar responses to individual climatic variables and high correlations among most of the 10 climatic variables, we obtained 198 (6 growth and survival traits Â 33 populations) quadratic regressions of height and survival traits on the first PC of the climatic variables. Figure 2 displays quadratic responses of 33 populations for H15, which are typical of climatic responses for all growth and survival traits. The x axis of Fig. 2 shows the transfer distance between test site and provenance climates as represented by their respective first PCs. The eigenvectors corresponding to the first PCs showed heavy loadings on winter variables MTCM, NDD, and MAP and on summer variables MTWM and GDD. The distance was centred on zero, where site and provenance climates coincided. A negative distance indicated that the provenance climate was drier with cooler winters and warmer summers than the test-site climate, whereas a positive distance signified that a provenance climate was moister with warmer winters and cooler summers than the test-site climate. It is evident from Fig. 2 that most lodgepole pine populations had optimum growth in a drier climate with cooler winters and warmer summers than their present climates; most jack pine populations had optimum growth in a moister climate with warmer winters and cooler summers than their present climates; hybrid populations had optimum growth in their present climates.
In 31 out of the 33 populations, over 50% of the total variability in PC1Y for growth and survival traits was explained by the quadratic regression on PC1X for climatic variables. Thus, the quadratic regression model was generally adequate to describe the response of growth and survival to climatic variation and to stratify these populations into similar groups based on the dissimilarity indexes among pairs of populations (Lin and Butler 1990; Yang et al. 2006) . The 33 populations were clustered into two major groups (Fig. 3) . The first group included 14 lodgepole pine and 2 hybrid populations (24 and 26). The lodgepole pine populations in this group were those from the species' main range with one exception; population 7 from the main range was absent from the group but outlier population 18 was present. The second major group could further be partitioned into two subgroups: one consisting of mixed hybrid and jack pine populations and two lodgepole pine populations (7 and 19), and the other consisting of four jack pine populations and two outliers (17 and 20).
Discussion
The grouping of the PCBC populations based on Mahalanobis distances estimated from the canonical discriminant analysis of six height growth and survival traits (Fig. 1) is remarkably similar to that based on Nei's genetic distances calculated from RAPD markers (Ye et al. 2002) . Thus, the cluster analysis using both morphological and molecular data enabled the separation of most jack pine populations from lodgepole and hybrid populations, but no further subdivision was possible to distinguish lodgepole from hybrid populations. In an earlier study (Yang et al. 1999 ), we also found that hybrids were more similar to lodgepole pine than to jack pine in their response to infection by western gall rust fungus, Endocronartium harknessii (J.P. Moore) Y. Hiratsuka. Together, our present and past studies all point to a tendency of hybrids to resemble lodgepole pine rather than jack pine. A straightforward explanation for such a tendency is a clear elevational demarcation of jack pine from lodgepole pine and hybrids. While the identification of parental and hybrid populations was strictly based on overall tree and stand morphology at the time of cone collection, it is evident from Table 1 that jack pine populations are located at low elevations (332-762 m), whereas lodgepole pine and hybrid populations are at midrange and high elevations (590-1860 m). Similar inter-and intra-specific elevational and latitudinal clines are observed in many provenance studies including jack pine (Matyas and Yeat- Table 2 . Means and ranges of height growth (m) (H5, H10, and H15) and survival (%) (S5, S10, and S15) of lodgepole pine, jack pine, and their hybrids in the Pinus contorta -Pinus banksiana complex (PCPB) in Alberta at ages 5, 10, and 15 years. man 1992), lodgepole pine (Rehfeldt et al. 1999) , and other conifers (e.g., Rehfeldt 1994 Rehfeldt , 2004 . To help further explain the tendency of lodgepole pine and hybrids to cluster together, we may note that lodgepole pine and hybrids are ecological generalists, whereas jack pine is an ecological specialist (Richardson and Rundel 1998) . Specifically, both lodgepole pine and hybrids occur on mesic sites and therefore have a potential for higher elevational populations on sites in proximity to each other, whereas jack pine has a more scattered distribution on xeric sandy sites and occurs more often in pure or nearly pure stands (Natural Regions Committee 2006) . The recognition of the elevational demarcation may also reveal the root of the difficulty to accurately classify parental and hybrid pines. For example, populations 31 and 36 were assigned as jack pines at the time of cone collection, but the cluster analysis had them grouped with lodgepole pine and hybrids (Fig. 1) . Such grouping appears accurate to us because their height growth and their elevations ( 700 m) have caused us to suspect that the two populations are actually hybrids. This suspicion is certainly supported by two pieces of evidence: first, ecological classification (Natural Regions Committee 2006) locates both populations 31 and 36 in the Lower Boreal Highlands Natural Subregion, a recognized area of hybridization; second, a survey of disease occurrence in the PCBC provenance trials (Rweyongeza and Yang 2005) showed that incidences of western gall rust infection for these two populations (27.2% for population 36 and 29.2% for population 31) were much higher than those of other jack pine populations (<5%), but close to the mean incidence of infection for hybrid populations (24.7%). Thus, more research on the combined use of suggested diagnostic seed, cone and needle characteristics (Wheeler and Guries 1987) , adaptive traits (growth, survival, and disease resistance), and neutral molecular markers is needed to unambiguously identify parental and hybrid pines in the PCBC region.
Clustering populations according to their similarity of responses to climatic transfer (Fig. 3) revealed a different pattern of population affinity. The lodgepole pine populations sampled from the species' main range were grouped together, whereas jack pine populations were mixed with hybrids and outlier populations. This climatic distribution of the PCBC is consistent with the pattern revealed in the analyses of the three taxa and population responses to individual and combined climatic variables (Rweyongeza and Yang 2005 ; this study) using NDD, MTCM, MTWM, MAP, and GDD, where putative hybrids occupy an intermediate and preferred climate in terms of growth between those of the parental species. That is, core populations of lodgepole pine occur in less continental climates at mid-to upper elevations in the Rocky Mountains, their foothills, and foothill outliers where summers are cooler and moister and winters are milder (winter temperature inversions are common in the east slopes) than the preferred climate (Fig. 2) . In comparison, core jack pine populations in Alberta occur in boreal areas having a more continental climate than preferred, where summers are warmer and drier and winters are colder. This pattern is also apparent through comparing preferred climate in terms of height growth performance and climatic transfer (Fig. 2 ) and Alberta's ecological classification system (Natural Regions Committee 2006) . Generally, the preferred climate in terms of height growth for all three taxa occurs in core areas of the hybrid range in the Lower Boreal Highlands, Lower Foothills, and upland portions of the Central Mixedwood Natural subregions. Core areas of distribution for lodgepole pine are found to the west of this and at higher elevations in the Subalpine, Montane, Upper Foothills, and Upper Boreal Highlands Natural subregions. Alternately, the core distribution of jack pine is displaced to lower elevations to the east and north, classified as belonging to the Dry Mixedwood, Northern Mixedwood, Athabasca Plain, Kazan Uplands, and lowland portions of the Central Mixedwood Natural subregions. The similarity between jack pine and lodgepole pine outliers may be explained by their postglacial history. According to Rudolph and Yeatman (1982) , lodgepole pine migrated far to the east as the Laurentide glacial mass receded but retreated later leaving behind scattered outliers on favourable sites; on the other hand, jack pine migrated west into northern Saskatchewan, Alberta, and the Northwest Territories and hybridized with these outliers (Godbout et al. 2005 ). These events have been thought to be largely driven by changes in climate (Wheeler and Guries 1987) .
The difference between the grouping patterns in Fig. 1 and Fig. 3 is certainly expected, since the grouping in Fig. 1 is based on the total variability in the growth and survival traits, whereas the grouping in Fig. 3 is based on a portion of the total variability accounted for by the quadratic regression on the climatic transfer. A further approximation is the use of PC1Y for growth and survival traits and PC1X for climatic variables in the quadratic regression analysis even though these PC1s accounted for over 70% of the total variability in both cases. Thus, the difference between Fig. 1 and Fig. 3 would suggest impacts of nonclimatic factors affecting growth and survival. In particular, edaphic preference is known to be an important determinant of geographic distributions of different taxa, with jack pine being the more xerophytic, lodgepole pine the more mesophytic and tolerant of clay soils and bogs, and the hybrids occupying a wide range of intermediate sites (Yeatman 1967; Rudolph and Yeatman 1982) . Moreover, frequent habitat disturbances such as widespread forest fire and abundant serotinous cones in both lodgepole pine and jack pine populations have provided favourable conditions for species mixing and hybrid survival (Wheeler and Guries 1987) , thereby broadening niche spaces of PCBC populations. Our approach to describing response of populations to climate differs from earlier attempts (e.g., Rehfeldt et al. 1999; Rehfeldt 2004) . Instead of examining response functions for individual climatic variables, we focused on the response functions for the overall climate as represented by PC1X, a linear combination of the original climatic variables. This multivariate approach directly uses the concept of the Hutchinsonian multivariate hypervolume (Hutchinson 1958) , each dimension of which is represented by a climatic variable. Given high correlations observed among growth and survival traits and equally high correlations among climatic variables, some difficult and arbitrary choices must be made to determine which independent and dependent variables should be included. In this case, the multivariate approach is even more desirable than the oneat-a-time approach (e.g., Rehfeldt et al. 1999; Rehfeldt 2004) . However, despite the prescreening of individual climatic variables based on their contributions to growth or survival, it is possible that some of the selected variables may be redundant to the traits of interest when considered jointly in the PC analysis, thereby compromising the power of the response functions. In this case, a stepwise regression may be used to identify a subset of major climatic variables for subsequent development of multivariate response functions (Wang et al. 2006) . Individual PCBC populations can grow and survive on only a portion of the environmental gradient occupied by the PCBC region as a whole. However, the eight test sites (Table 1) are hardly considered sufficient to fully sample the ecological distribution of this species complex. Moreover, the estimated population response based on the performance of planted trees may be inflated because planting circumvents the rigors of the first growing season when seedlings are the most vulnerable to environmental effects (Campbell 1979) . Despite these deficiencies with our data, the analysis did a satisfactory job of separating different taxa by their responses to the overall climate (Fig. 2) .
Jack pine grew substantially faster than lodgepole pine, with the hybrids intermediate, during the period from age 5 to 10 years (Table 2) . Similar results were found in 6-month and 12-month seedlings in a greenhouse assessment (Yang et al. 1999 ) and in 5-10 years and 15-20 years of testing artificial hybrids and their lodgepole pine and jack pine parents on an Idaho site (Lotan 1967; Rehfeldt and Lotan 1970) . As with other conifers (e.g., Rehfeldt 1994 Rehfeldt , 2004 , the elevational cline is a dependable indicator of taxa differences in juvenile growth; jack pine populations at low elevations have high growth potential, and lodgepole pine and hybrid populations at midrange and high elevations have low growth potential. However, in our study, the differences in growth potential between different taxa disappeared when the pine trees were measured at age 10 years or older (Table 2) . Such a growth pattern fits the life history strategy of pioneer species such as lodgepole pine and jack pine (Loehle 1988) . According to Loehle (1988) , the pioneer species concentrate on rapid height growth during the seedling and juvenile stages, but as the trees reach reproductive maturity, more energy is invested in reproduction and defence, with a corresponding decrease in the energy invested in growth. Thus, as shade-intolerant, aggressive pioneers after a major disturbance such as fire, both lodgepole pine and jack pine must compete for more nutrients, water, light, and other environmental resources that are conducive to rapid juvenile growth to avoid suppression by neighboring plants. However, because these pines are more sexually precocious than other conifers (Critchfield 1980) , a shift from the vegetative growth phase to the reproductive phase may have occurred as early as age 10 years, when lodgepole pine and hybrids started having similar growth rate as jack pine (Table 2) . Nevertheless, it remains to be investigated why jack pine has faster juvenile growth than lodgepole pine. Possible factors for consideration include intrinsic genetic difference between the pine species responsible for juvenile development and maternal effects (e.g., seed size).
